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DESIGN AND FABRICATION OF
MAGNETICALLY ACTUATED CELL SORTER

SUMMARY

Cell sorting is the process of isolating a target cell type from a complex biofluid based
on its characteristics. This process has become a widely used method for various
purposes such as basic biological research, and clinical diagnostics. Developing
microfluidic technology has made it possible for cell sorters to work more efficiently
with less sample fluids in much smaller sizes compared to conventional methods.
Microfluidic lab-on-a-chip platforms enable low-cost, disposable, and lightweight
instruments in which various elements, such as magnetic, optics, or acoustics, are
strongly integrated on a single plastic chip to operate to develop unique features.
PDMS (polydimethylsiloxane), on the other hand, has been a major factor in the
development of microfluidic technology, as it is bio-compatible, transparent and
low-cost. It has also become one of the most widely used basic materials in
microfluidic cell sorters.

Microfluidic cell sorters can be examined under two headings as passive and active.
Passive sorters classify cells according to their physical properties such as size and
density, using the channel geometry and hydrodynamic structure of the chip. They
can operate at high speed and do not require an external power source, but fail to
separate cells with similar physical properties. In such cases, cells need to be labeled
and classified by active cell sorters. Active cell sorters are divided into four main
categories: fluorescence-activated cell sorting (FACS), magnetic-activated cell sorting
(MACS), dielectrophoresis (DEP) and acoustic microsystems. Fluorescence-activated
microfluidic cell sorters (LFACS) are the most preferred cell sorter type by biomedical
researchers and clinicians due to their high sensitivity and efficiency.

A UFACS systems perform the separation process by detecting the fluorescence
emitted by cells with the help of a camera system and then directing the cells to
the relevant outlet. Cell manipulation can be done with various structures such
as piezoelectric actuators, surface acoustic waves, optical triggers. However, these
methods have the disadvantages of having large dimensions, requiring complex
production steps and operating at low efficiency, respectively.

Magnetic membranes are widely used in microfluidic systems due to their high
elasticity, low response time and no need for on-chip power supply. Due to their
wide deflection range, ease of fabrication, low power consumption, small size and low
response time, they are very good candidates for use as actuators in WFACS systems. In
this study, a pFACS system has magnetic membrane actuators was proposed, designed,
simulated, mathematically modeled, manufactured and tested.

Magnetic membranes were obtained by incorporating CI (carbonyl iron) microparticles
into PDMS polymer. The CI-PDMS mixture was spread on the kapton tape with
spin coating and cured in oven. After fabrication, the cross-section of the magnetic
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membranes was examined with a microscope and a quite homogeneous structure
without agglomeration with a thickness of 30 pum was observed. The fabricated
membranes were assembled with PDMS structures with oxygen plasma bonding.
The deflection amounts of the membranes applied magnetic field with neodymium
(NdFeB) permanent magnets were measured. The maximum deflection was recorded
as 597 um from the 6.83 mm diameter membrane and the 4 mm diameter magnet.
In addition, the deflection experiments were simulated with COMSOL Multiphysics.
Membranes were defined as hyperelastic materials with relative magnetic permeability
greater than 1. The elastic modulus of the membrane which is unknown was accepted
as equal to that of PDMS, and the relative magnetic permeability was set by inverse
modeling by taking some of the experimental results. As a result, the established
simulation scheme could manage to show consistency with the experimental results
with a value of R? over 0.95.

The microfluidic cell sorter, on the other hand, consists of three basic parts: glass base,
PDMS body and magnetic membrane. The PDMS body has a micro channels pattern
on its surface. The mold produced with kapton tape was used to create the micro
channels. The channel pattern drawn in 2D was transferred to kapton tape with an
electronic craft cutter (Silhouette). Then, liquid PDMS was poured on the molds and
hardened in the oven to obtain the PDMS bodies containing micro channels. With this
technique, which is not yet available in the literature, the mold production phase has
been made quite practical without the need for any chemical processing. The electronic
craft cutter was able to cut kapton tape with an error of less than 10% for sizes 500 um
and above. However, it was not successful enough in cutting sharp corners. In addition,
the molds need to be renewed as they deform after a few uses. Chip fabrication was
continued with the PDMS body by punching holes for inlets, outlets, and membrane
chambers. In the last step, microscope lame, PDMS body, and magnetic membrane
were assembled with oxygen plasma bonding. Thus, cell sorter chips with dimensions
of 75 mm x 25 mm x 5 mm were obtained, which took 5-6 hours to manufacture. In
order to examine the effect of different dimensions on the channel geometry, chips with
channels of four different sizes were produced.

In addition, an electrically controllable magnetic actuator containing permanent
magnets was fabricated to actuate the magnetic membranes. A body with PLA (poly
lactic acid) filament and an oscillating spring structure to which permanent magnets are
attached with TPU (thermoplastic polyurethane) flexible filament were produced by 3D
printer. Two inductors are used just below the magnets. And finally, inductors, body,
spring structure and magnets are assembled with epoxy. The magnets were enabled to
oscillate with a magnetic field which is created by applying a voltage to the inductors.
A structure that can apply electrically controlled magnetic force to the membranes
was provided by aligning the magnetic actuator directly under the membranes. Thus,
electrically controllable magnetic actuators that can operate with a voltage of 10 V and
below, could be produced.

In addition, the cell sorter chip was mathematically modeled in order to find the
optimum chip geometry and to calculate the chip performance theoretically. The model
1s based on fundamental fluid mechanics. With this model, it was concluded that the
chip size should be as small as possible and the liquid flow rate should be high in order
to improve the chip performance. In this study, the lower limit of the channel widths
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was determined by the resolution of the electronic paper cutter and the narrowest main
channel could be produced as 750 pm.

The chips were simulated with the COMSOL Multiphysics. For the simplicity of
the model, only the cell manipulation area of the chips was studied by simulation.
Membranes, bio-fluid, and the cells were modeled with the Solid Mechanics, Laminar
Flow, and Particle Tracing for Fluid Flow modules respectively. The simulation results
were compatible with the mathematical model and experiments.

Finally, the chips were tested. In the tests, the sample fluid was represented by
water dyed with food coloring, and the buffer liquid was represented by plain water.
Experiments were carried out by varying the amplitude of the applied voltage, pulse
width and inflow velocity for the chips with different channel sizes. Experimental
results were compatible with theoretical calculations and simulation results. However,
when the experiments were repeated under the same conditions, the exact same results
could not be obtained. This is thought to be due to the large size of the channels and
the difficulty of setting the membranes completely flat in their initial state.

As a result, in this study, it has been achieved to produce a microfluidic cell sorter
that can operate with 8 V voltage, have a throughput of 10 cells/s. The outputs of the
chips could not be observed, as the outputs could not be cut properly enough with the
electronic craft cutter. Only the deviation of the dyed water in the cell manipulation
area could be observed. With this study, it has been shown that microfluidic cell
sorters can be operated with magnetic membrane actuators. Practical and innovative
fabrication techniques such as electronic paper cutter, 3D printer have been proposed
and applied. Unfortunately, a very low throughput has been achieved compared to
other cell sorters in the literature. With the theoretical calculations and simulation
results, it has been shown that this cell sorter, which can be controlled by magnetic
membranes could rival those in the literature by fabricating in smaller sizes with
advanced techniques.
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MANYETIK OLARAK KONTROL EDILEBILEN
HUCRE SINIFLANDIRICI TASARIMI VE URETIMI

OZET

Hiicre stmiflandirma, ¢esitli hiicre tiirlerinin bulundugu biyolojik bir s1vinin igerisinden
belirli bir hiicre tipinin ayristirilmasi islemidir. Bu iglem temel biyolojik aragtirmalar,
klinik teshisler gibi bircok amagla yaygin olarak kullanilmaktadir.  Gelisen
mikroakigkan teknolojisi hiicre siniflandiricilarin gelenkesel yontemlere gore cok daha
kiiciik boyutlarda, az 6rnek sivilariyla daha verimli bir sekilde calismalarini olanakl
kilmigtir. Manyetik, optik, akustik v.b. yapilarla entegre olabilen mikroakiskan ¢ipler
ile ¢esitli fonksiyonlar1 biinyesinde birlestirebilen, tek kullanimlik, diisiik maliyetli
cipler iiretmek miimkiindiir. PDMS (polydimethylsiloxane) ise biyouyumlu, saydam
ve ucuz olmasi sebebiyle mikroakiskan teknolojisinin gelismesinde oldukg¢a biiyiik bir
faktor olmustur. Ayrica mikroakigskan hiicre siniflandiricilarinda en yaygin kullanilan
temel malzemelerden bir haline gelmistir.

Mikroakigskan hiicre siniflandiricilar pasif ve aktif olmak {iizere iki baglikta ince-
lenebilir. Pasif siniflandiricilar hiicreleri boyut, yogunluk gibi sahip olduklar: fiziksel
ozelliklere gore ¢ipin kanal geometrisi ve hidrodinamik yapisindan faydalanarak
smiflandirirlar.  Yiiksek hizda calisabilirler ve harici bir giic kaynagma ihtiyag
duymazlar fakat benzer fiziksel 6zelliklere sahip hiicreleri ayrigtirmakta basarisizdirlar.
Boyle durumlarda hiicrelerin etiketlenmesi ve aktif hiicre smiflandiricilarn ile
siniflandirilmasi1 gerekmektedir. Aktif hiicre simiflandiricilar floresanla aktive olan
siniflandiricilar (FACS), manyetik aktif hiicre siniflandiricilar (MACS), dielektroforez
(DEP) ve akustik mikrosistemler olmak iizere dort ana bagliga ayrilirlar. Floresanlar
aktive olan mikroakiskan hiicre siniflandiricilar (WFACS) yiiksek hassasiyeti ve verimi
sebebiyle biyomedikal arastirmacilar ve klinisyenler tarafindan en cok tercih edilen
hiicre simiflandirict tipidir.

Bir uFACS sistem hiicrelerin yaydigi floresani bir kamera sistemi yardimiyla tespit
eder ve hiicreleri ilgili oldugu c¢ikisa yonlendirerek ayristirma islemini uygular.
Hiicre yonlendrime islemi ise piezoelektrik aktiiatorler, yiizey akustik dalgalar, optik
tetikleyicler gibi cesitli yapilarla yapilabilir. Fakat bu yontemlerin sirasiyla biiyiik
boyutlara sahip olma, karmagik iiretim agamalar1 gerektirme ve diisiikk verimde
calismak dezavantajlari vardir.

Manyetik membranlar yiiksek elastisitesi, diisiik tepki siiresi ve ¢ip iizerinde giic
kaynagina ihtiya¢ duymamasi olmasi sebebiyle mikroakiskan sistemlerde oldukca
yaygin bir kullanima sahiptir. Yiisek sapma miktari, iiretim kolayligi, diisiik giic
tilketimi, kiiciik boyutlarda olmasi ve diisiik tepki siiresi sebebiyle LFACS sistemlerde
aktiiator olarak kullanilmak i¢in olduk¢a iyi adaylardir. Bu calisma ise hiicre
yonlendirici aktiiator olarak manyetik membran kullanan bir tFACS sistem Onerilmis,
tasarlanmis, benzetimleri yapilmis, matematiksel olarak modellenmis, iiretilmis ve test
edilmistir.
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Manyetik membranlar CI (karbonil demir) mikroparcaciklar1 ile PDMS polimerinin
karistirilmasi ile elde edilmistir. Hazirlanan karisim kapton bant iizerine spin kaplama
ile yayilmis ve son olarak firinlanarak sertlesmesi saglanmugtir. Yanal kesiti mikroskop
ile incelenen membranlarda manyetik parcaciklarin topaklanmasi gozlenmemistir ve
30 um kalinliginda olduk¢a homojen bir yap elde edilmistir. Uretilen membranlar
oksijen plasma yapistirma cihazi ile PDMS govdelerle birlestirilmistir. Neodimyum
(NdFeB) kalic1 magnetlerle manyatik alan uygulanan membranlarin sapma miktarlari
Olctilmiistiir. Maksimum sapma 6.83 mm ¢apli membran ve 4 mm capli magnetten
597 pm olarak olciilmiistiir.  Ayrica sapma deneylerinin COMSOL Multiphysics
uygulamasi ile benzetimleri yapilmistir. Membranlar goreli manyetik gecirgenligi
I’den biiyiikk olan hiperelastik malzeme olarak tanimlanmigtir. ~ Membranlarin
bilinmeyen parametrelerinden elastik modiilii PDMS’inkiyle esit kabul edilmis, goreli
manyetik gecirgenligi ise yapilan deney sonuglarinin bazilar1 alinarak ters modelleme
ile en uygun deger secilmistir. Sonug olarak kurulan benzetim semas1 deney sonuclari
ile 0.95’in iizerinde bir R? degeriyle Grtiismeyi basarmistir.

Mikroakigkan hiicre siniflandiric1 ise cam taban, PDMS govde ve manyetik membran
olmak iizere ii¢ temel kisimdan olugsmaktadir. PDMS gdvdenin cam taban ile birlestigi
tarafinda mikro kanallar bulunmaktadir. Mikro kanallarin olusturulmasi icin kapton
bant ile tiretilen kalip kullanilmistir. 2 boyutlu olarak ¢izilen kanal deseni elektronik
kagit kesici (Silhouette) ile kapton banda aktarilmistir ve tizerine sivi PDMS dokiiliip
firinda sertlestirilerek mikronkanallar iceren PDMS govde elde edilmistir. Literatiirde
heniiz bulunmayan bu teknik ile kalip tiretimi agsamas1 herhangi bir kimyasal igleme
gerek duymayarak oldukga pratiklestirilmistir. Elektronik kagit kesici 500 pm ve iizeri
boyutlar i¢in 10%’un altinda hata ile kapton bandi kesmeyi bagarabilmigtir. Fakat
keskin koselerin kesilmesinde yeterince basarili olamamistir. Ayrica kaliplar birkag
kullanimdan sonra deforme olduklar1 i¢in yenilenmeye ihtiyaglart vardir. Cip iiretimi
PDMS govdeye girisler, cikislar ve membran hazneleri i¢in delik acilmasi ile devam
eder. Son asamda ise mikroskop lami, PDMS govdeve manyetik membran oksijen
plazma yapistirma cihazi ile birlestirilmistir. Boylece iiretimi 5-6 saat civart siiren, 75
mm X 25 mm x 5 mm boyutlarinda hiicre siniflandirict ¢ipler elde edilmistir. Kanal
geometrisindeki farkli boyutlarin etkisini inceleyebilmek i¢in dort farkli boyutlarda
kanallara sahip cipler iiretilmigtir.

Ayrica manyetik membranlar1 calistirmak i¢in kalict magnet igeren, elektrik olarak
kontrol edilebilen manyetik aktiiatorler {iiretilmistir. 3 boyutlu yazic1 ile PLA
(polilaktik asit) filamenti ile govde, TPU (termoplastik poliiiretan) esnek filamenti
ile kalic1 magnetlerin tutturuldugu salinabilen yayl bir yapr iiretilmistir. Magnetlerin
hemen altina gelecek sekilde iki adet indiiktor kullanilmistir. Ve son olarak indiiktorler,
govde, yayll yap1 ve magnetler epoksi ile yapistirilmistir. Indiiktorlere uygulanan
gerilim ile magnetlerin iizerinde manyetik alan olusturularak magnetlerin salinmasi
saglanmistir. Manyetik aktiiator, magnetler membranlarin tam altina gelecek sekilde
yerlestirilerek membranlara elektriksel kontrollii manyetik kuvvet uygulayabilen bir
yap1 saglanmistir. Boylece 10 V ve altinda ¢alistirabilen, kolay iiretilebilir, diisiik giic
tiiketen, elektriksel olarak kontrol edilebilen manyetik aktiiatorler tiretilmigir.

Ayrica optimum c¢ip geometrisini bulabilmek ve c¢ip performansini teorik olarak
hesaplayabilmek i¢in hiicre siniflandirici ¢ipin matematiksel modellemesi yapilmustir.
Model temel akigkanlar mekanigine dayandirilarak yapilmisti. Bu model ile c¢ip
performansinin iyilestirilebilmesi i¢in ¢ip boyutlarinin miimkiin oldugunca kiigiik, sivi
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akis hizinin ise yiiksek olmasi gerektigi sonucuna varilmistir. Bu ¢aligmada ise kanal
genigleiklerinin alt sinirin1 elektronik kagit kesicinin ¢oziiniirliigii belirlemistir ve en
dar ana kanal 750 pum olarak iiretilebilmistir.

Ciplerin COMSOL Multiphysics uygulamasi ile benzetimleri de yapilmistir. Modelin
basitligi bakimindan ciplerin yalmzca hiicre yonlendirme boliimii benzetimle
incelenmigtir. Kati Mekanigi modiilii ile membranlar, Dogrusal Akis modiilii ile
biyolojik sivi, Akiskanlar i¢in Parcacik Takibi modiilii ile hiicreler modellenmistir.
Benzetim sonuglari matematiksel modelle ve deneylerler uyumlu ¢ikmastir.

Son olarak cipler test edilmistir. Testlerde hiicre s1vis1 gida boyasi ile renklendirilmis
suyla, tampon sivi ise sade suyla temsil edilmistir. Farkli kanal boyutlarina sahip
cipler ile uygulanan gerilimin genligi, darbe genisligi ve akis hiz1 degistirilerek
deneyler yapilmistir. Deney sonuglar1 teoreik hesaplarla ve benzetim sonuglariyla
uyumlu ¢ikmistir. Fakat deneylar aym sartlar altinda tekrarlandiginda birebir ayni
sonuglar alinamamistir. Bunun kanal boyutlarinin biiyiik olmasindan ve membranlarin
baslangi¢ durumunda tamamen diiz olarak ayarlamanin zorlugundan kaynaklandigi
diisiiniilmektedir.

Sonug¢ olarak bu calismada 10 hiicre/s hizinda 8 V gerilim ile caligabilen bir
mikroakigkan hiicre siniflandirict iiretilmesi basarilmigstir.  Cikiglar elektronik kagit
kesici ile yeterince diizgiin kesilemediginden, ciplerin ¢ikiglar1 gdzlemlenememisir.
Yalnizca hiicre yonlendirme boliimiindeki renki suyun sapmasi gozlemlenebilmistir.
Bu calisma ile mikroakiskan hiicre simiflandiricilarinin manyetik membranlarla
caligtirilabilecegi gosterilmistir.  Elektronik kagit kesici, 3B yazici gibi pratik ve
yenilik¢i tretim teknikleri Onerilmis ve uygulanmugtir. Literatiirdeki diger hiicre
siniflandiricilara kiyasla oldukga diisiik bir siniflandirma hizina ulagilabilinmistir.
Teorik hesaplamalarla ve benzetim sonuclar ile farkli iiretim teknikleri ile daha
kiiciik boyutlarla iiretilmesi basarildiginda manyetik membranlarla kontrol edilebilen
bu hiicre smiflanric1 ile literatiirdekilere rakip olabilecek performansta c¢iplerin
tiretilebilinecegi gosterilmistir.
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1. INTRODUCTION

1.1 Overview

Cell sorting, in definition, refers to any procedure that isolates a target cell type from
a complex biofluid based on its characteristics [1,2]. Sorting of biological cells has
become a widely used method for basic biology research, drug discovery, and clinical
diagnosis, in which the enrichment of cells of interest from heterogeneous populations
is a crucial step before the study [3—5]. For example, cell sorting is needed to count
white blood cells, red blood cells, and platelets for assessing various blood disorders
such as anemia, as well as other medical conditions that indirectly affect the blood
such as infections [6]. Similarly, cell sorters can be a useful tool to analyze circulating

tumor cells (CTC) in order to monitor disease progression [7].

1.2 Microfluidic Cell Sorters

Advancements in microfluidics have allowed the realization of miniaturized systems
with capabilities that leverage a range of physical principles. Cell sorting on
microchips offers various benefits over traditional approaches, including reduced
equipment size, elimination of potentially biohazardous aerosols, and simplification
of the complicated procedures typically associated with cell sorting [8]. Furthermore,
microchip systems lend themselves well to parallelization, allowing for full
lab-on-a-chip devices for cellular separation, research, and experimental processing.
The lab-on-a-chip platform enables low-cost, disposable, and lightweight instruments
in which several elements, such as magnetics [9], optics [10], or acoustics [11], are
strongly integrated on a single plastic chip to operate to build innovative functionalities
that would not have been feasible in traditional ways. Polydimethylsiloxane (PDMS)
plays a great role in these advancements of microfluidic systems due to its many
advantageous properties for prototyping: the material is cheap, optically transparent

(transparency to visible light making it compliant with optical detection systems), and



bio-compatible; its moulding process is stable and simple to learn; and its simplicity

enables the incorporation of elastomeric actuators and optical components [12—-14].

1.2.1 Performance metrics for microfluidic cell sorters

Different sorting and separating methods have different capacities, which can result
in output trade-offs with different applications. Therefore, it is important to have
well-defined performance parameters to compare various strategies and the trade-offs
between performance over the several sorting techniques. Here is the definitions of
performance metrics for microfluidic single cell sorters based on the discussion in the

book by Lee et al. [15]:

Purity is calculated by dividing the number of target cells by the total number of sorted
cells (1.1). This shows the separation efficiency. Purity would be poor if the sorted cell

population includes undesirable cells.

X #oftarget cells (1.1)
urity = .
prrd #oftotal sorted cells

Yield is the ratio of the number of target cells collected to the number of target cells
in the original sample (1.2). In some cases, target cells in the original sample may be
lost due to lysis, adhesion to device surfaces, and retention within the device or tubing,

therefore this term is used to express the proportion of the initial cells left in all outlets.

. #oftarget cellscollected
vield = - — (1.2)
#oftarget cellsinthe original sample

Enrichment is defined as the ratio of the number of target cells at the inlet divided by
the total number of cells and the number of target cells at the outlet divided by the total
number of cells (1.3). In other words, the term ‘enrichment’ refers to how much the

concentration of target cells is enriched from inlet to outlet.

#oftarget cellsattheinlet /#of total cellsat the inlet
#oftarget cellsat the outlet | #oftotal cells at the oulet

(1.3)

enrichment =

Efficiency can be defined as the ratio between the number of sorted target cells and the
number of target cells determined to sort (1.4). Cell sorting efficiency can be described

when detection and sorting are separate processes.

£ ici #oftarget cells sorted (1.4)
ef ficiency = .
Y #oftarget cellsidentifiedto sort
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Throughput is reported as the number of cells sorted per time (1.5). This term refers to

the measure of the sorting process.

#oftotal sorted cells
time

throughput = (1.5)

1.2.2 Microfluidic cell sorter types

Microfluidic cell sorters can be divided into two categories as active and passive
according to their separation method. While passive techniques rely entirely on
channel geometry and endogenous hydrodynamic forces, active techniques depend

entirely on an external force field for functionality [16].

Passive devices sort biological single cells according to their physical properties such
as size [17], deformability [18], density [19] by utilizing channel geometry or intrinsic
hydrodynamic phenomena such as inertial [20], pinched flow fractionation (PFF) [21],
deterministic lateral displacement (DLD) [22], hydrophoresis [23]. Passive devices do
not require external power devices, have simple structures, and have high throughput
up to cells per second. On the other hand, passive microfluidic platforms can not
distinguish the cells with similar physical properties. In such cases, cells need to be

labeled so as to be distinguished and sorted by active cell sorters.

Active microfluidic cell sorters can be examined under four categories according
to the labeling type of the cells as fluorescence-activated cell sorting (FACS) [24],
magnetic-activated cell sorting (MACS) [9, 25], dielectrophoresis (DEP) [26], and
acoustic microsystems [11,27]. Active techniques can precisely monitor and modify
cells of interest in real time, but their flow rate and resulting throughput are sluggish
due to the long residual time required to expose cells to a physical field for effective

sorting [28].

1.3 Micro-FACS (uFACS) Systems

A pFACS device in general consists of three main components; flow focusing,
fluorescence detection, and cell manipulation (Figure 1.1). Flow focusing is
accomplished with the help of a buffer solution. The buffer solution squeezes cells

from the sample inlet into the main channel’s middle line. Then, aligned cells are



identified as collection or waste with fluorescence detection. Finally, cells are oriented
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Figure 1.1 : A simplified schematic diagram for a typical uFACS device.

FACS devices distinguish a specific population of cells from a heterogeneous mixture
dependent on each cell’s fluorescence and light scattering properties. There are
a variety of ways to mark cells, but for FACS research, antibodies labeled with
fluorescent molecules, fluorescent proteins, and fluorescent nanoparticles were the
most often used [29]. Bhagat et. al. calls FACS systems as the “Gold Standard”, and
according to him FACS devices have become the most preferred cell sorting approach
among the biomedical researchers and clinicians because of their high sensitivity
and throughput [16]. Commercial cell sorting systems have detectors that can detect
between 14 and 17 separate fluorescent labels and can count/sort more than 100,000
cells per second [30]. As a result, they can simultaneously monitor and sort several

fluorescent cell surface markers or fluorescent protein-tagged biomolecules.

1.3.1 Sorting mechanisms for tFACS devices

There are a variety of sorting mechanisms which are the most important part
determining the working performance of cell sorters. The most widespread one among
them is piezoelectric (PZT) actuators. Cheng et al. (2017) have been developed a
UFACS device with PZT actuators which manipulating the flow laterally by applying a
pulsed signal, and they could achieve a high throughput (1250 cells/s), and high purity
(98%) [24]. Cai et al. (2020) have been implemented a new design by using PZT
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actuators as microvalves at the outlets, and they achieved a high throughput (1800
cells/s), and high purity (>90%) [31]. Although the systems with PZT actuators are
cost-effective, and have high sorting performances, the drawbacks of these systems are

their bulky structures and fabrication difficulties.

Travelling surface acoustic waves (TSAW) are another actuation mechanism which
are commonly used for sorting. In the cell manipulation region, cells are dragged with
the TSAW [11, 32]. Such systems can work with high throughput and high purity
performances, on the other hand they are disadvantageous as they need piezoelectric

transducers and complicated fabrication processes.

Last but not least, cells can be sorted with optical trigger [33, 34]. For example,
Meineke et al. (2016) have been improved a pFACS device which manipulates the flow
by reducing the local viscosity via absorption of laser radiation [34]. As opposed to
other micromanipulation methods, optical manipulation is typically the most versatile
and adaptable since the manipulators can be reconfigured by changing the optical
pattern. Optical manipulation, on the other hand, is less desirable because it has a lower

throughput (tens of cells per second) and involves costly and complex devices [15].

1.3.1.1 Magnetic elastomer membrane actuators as a sorting mechanism

Considering all these reviews it is clear that there is a need for a sorting mechanism
which can operate with high throughput and high purity sorting performances, is also

easy to fabricate and has simple actuation mechanism.

Magnetic elastomer membrane actuators have been widely used in microfluidic
applications [35-38] due to their broad deflection range provided by a low Young’s
modulus, high elasticity, rapid reaction to magnetic fields, an possible actuation

without a power source on-chip [39,40].

In this thesis “magnetic elastomer membrane actuators” are proposed as a sorting
mechanism due to their large deflection range, easy fabrication, low power
consumption, low chip area, and low response time. Then, a pFACS system works
with magnetic membrane actuation is designed, simulated, mathematically modelled,

and tested.






2. MAGNETIC MEMBRANE

2.1 Overview

Magnetic membranes are elastomer membranes that are incorporated magnetic

material. They are flexible and deflected under magnetic field (Figure 2.1).

(a) B=0 (b) B=0

Figure 2.1 : Magnetic membrane a) flat condition, no magnetic field, b) deflection
under magnetic field.

Magnetic membranes can produce a large deflection with low power consumption and
low response time. Therefore, they are proposed as an effective actuation mechanism

for micro-FACS systems in this thesis.

In our proposal device, two circular magnetic membranes placed on both sides of
the main cell channel are deflected by magnetic field to change the flow pattern
laterally and thus direct the cells to the intended outlets. The magnetic membranes
are fabricated with polydimethylsiloxane (PDMS) and carbonyl iron (CI). As a
result of our previous study, it is decided to use CI as magnetic particle since it
is easily mixed with PDMS and it provides higher deflection compare to lauric
acid coated superparamagnetic iron-oxide nanoparticles (SPION-LA) and lauric acid

coated carbonyl iron microparticles (CI-LA) [41]. The actuation mechanism of



magnetic membranes is an electrically controllable, 3D printed platform that consists

of NdFeB magnets and inductors.

2.2 Theoretical Analysis

According to Schomburg membranes can be investigated under two categories as thin
and thick membranes based on the ratio of the maximum deflection amount and the
thickness. If the maximum deflection is much less than the thickness, it is referred to
as thick membrane; if it is greater than the thickness, it is referred to as thin membrane.
Bending moments are dominant for thick membranes while the dominant force is stress

due to straining for thin membranes [42].

In this thesis, magnetic membranes are fabricated as thin membranes due to intending
large deflection with low force. Deflection of a circular thin membrane without residual
stress due to Ap pressure drop is given in equation (2.1) [42].

13
3 (1-viy) Ap 4/3
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Here, Ej; is Young’s modulus, Vs is Poisson’s ratio, Dy is the diameter of the
membrane, dj; is the thickness of the membrane, wg is the maximum deflection of

the membrane.

2.3 Materials and Methods

2.3.1 Composite membrane fabrication

As the polymeric matrix, PDMS (RTV 615, Momentive) was obtained in the form of
two components, a pre-polymer, and a cross-linker. As the magnetic particle, carbonyl
iron (CI) powder (> 97% Fe basis) is provided from Sigma-Aldrich. The diameter
of the particles is observed as 2 um with scanning electron microscopy analysis.
According to Park, saturated magnetization, remnant magnetization, and coercivity

of the particles are 175 emu/g, 20 emu/g, and 400 Oe respectively [43].

For magnetic membrane fabrication, first, 1 g PDMS pre-polymer and 0.4 g CI powder
were stirred for about 5 minutes until no agglomeration was observed in the mixture.

After that, 0.2 g of PDMS cross-linker was added to the mixture and stirred for 2
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minutes. Then, the overall mixture was spin coated on a previously prepared kapton

tape coated paper with a three step recipe: 500 rpm for 15 s, 1000 rpm for 15 s, and

2500 rpm for 30 s (Figure 2.2) [40]. Finally, spin coated magnetic membrane was
baked overnight at 65 °C.

Figure 2.2 : Composite membrane fabrication. a) spin-coater, b) kapton tape coated
paper, c) before spin coating, d) after spin coating.

2.3.2 Suspended circular membrane fabrication

As a magnetic membrane support platform, a PDMS chip with cylindrical hollows was
manufactured. First, cylindrical structures with different diameters were produced for
the mold by cutting plexiglass (Figure 2.3a). Then, the mold was kept in a closed
container with Hexamethyldisiloxane (HMDS) overnight and its surface was silanized
so that the PDMS structure could be easily removed from the mold. For the support
structure, a PDMS mixture with the ratio of 5:1 (pre-polymer:cross-linker) was stirred
thoroughly and degassed with a vacuum pump to get rid of the bubbles inside the
mixture. Then, the mixture was poured over the mold and baked for 4 h at 65 °C. Next,
the support structure was peeled off the mold (Figure 2.3b). After that, the support
structure and magnetic membrane were bonded with oxygen plasma bonding (Figure
2.3c). Finally, the fabricated chips were punched at the bottom to ensure pressure

balance in deflection experiments.



Figure 2.3 : Suspended circular membrane fabrication. a) Plexiglass mold, b) PDMS
structure peeled off the mold, c)Magnetic membranes bonded to PDMS
structure.

2.3.3 Measurement setup

In deflection experiments, circular magnetic membranes of 4 different diameters (3, 4,
5, 6 mm) were tested with rare earth (NdFeB) magnets of 2 different dimensions (3
and 4 mm of diameter and 1.5 and 2 mm of height respectively) by applying magnetic
fields from different distances. The experiment setup is shown in Figure 2.4. The
camera was set to focus on the deflection plane, and the summit of the membrane was
illuminated with a laser pointer for a more clear picture. Magnetic membranes were
recorded under the magnetic field, then, their deflections were measured with S-EYE

computer software.

Figure 2.4 : Optical measurement setup: 1) camera, 2) laser pointer, 3) permanent
magnet positioned directly above the membrane center, 4) magnetic
membrane sample, 5) collimated light source.

An inverted microscope was used to determine the thickness of the membranes. Thin

slices of chip cross-sections were cut out and optically imaged after the magnetic
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membrane with support chip was released from the silicon wafer. The membrane

thicknesses were measured using the reported cross-section images.

2.4 Simulation

In this thesis, COMSOL Multiphysics 5.2a was used as finite element analysis of the
magnetic membranes by utilizing Solid Mechanics and Magnetic Field, No Currents
modules. Owing to the radial symmetry of the environment, circular membrane and

cylindrical magnet were drawn in 2D axisymmetric, as shown in Figure 2.5.

(a) Surface: Displacement field, Z component (m) o (b) Surface: Displacement field, Z component (m) o
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Figure 2.5 : a) 2D axisymmetry and b) 3D view of magnetic membrane deflected by
a permanent magnet.

2.4.1 Modeling of permanent magnet

Surface: Magnetic flux density norm (T)
Arrow Surface: Magnetic flux density (Spatial)

41 0.6

1 0.5

0 0.001 0.002 0.003 0.004 0.005
Figure 2.6 : Magnetic flux density [T] around the magnet in 2D axisymmetry.

11



According to magnetic constitutive law, the magnetic flux density (B) can be defined

in terms of magnetic field (H) and magnetization (M) as in equation (2.2).

B=uy(H+M) (2.2)

Here, ug represents the magnetic permeability of the free space. A permanent magnet
has a constant magnetization due to the nature of its material. Therefore, the permanent
magnet was defined with Magnetic Flux Conservation in the Magnetic Field, No
Current module. Magnetization is 915 kA /m for NdFeB magnets. The magnetic flux
density and magnetic flux lines calculated by COMSOL Multiphysics are given in

Figure 2.6.

2.4.2 Modeling of magnetic membrane

The magnetic membrane which consists of numerous magnetic microparticles and
PDMS elastomer was defined as a single piece object to decrease the complexity of the
simulation. The flexibility of PDMS was characterized by defining it as hyperelastic
material in Solid Mechanics. In addition, by choosing its relative permeability of more

than 1, the membrane was made affected by the magnetic field.

The key point is determining its lame parameter () which is one-third of Young’s
modulus (E) for nearly incompressible materials and relative permeability (u,) to
defining mechanic and magnetic properties of the membrane truly. The elastic modulus
of pure PDMS has a 5:1 ratio is approximately 3.59 MPa [44]. However, according to
Li, the CI particles have a strong interaction with the polymer network, so the stiffness
of the CI-PDMS composite increases exponentially with the amount of CI [45]. In
this thesis, the composite membrane has 25% weight ratio of CI to PDMS (5:1), and
there is no study with the same values and materials in literature. Therefore, it was
assumed that the composite membrane has the same elasticity as pure 5:1 PDMS, and

its Young’s modulus is 3.59 MPa.

Another key parameter for the membrane, relative permeability, was set as 1.85
depending on the maximum deflection values of the four different membranes under 2

different magnets.
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2.5 Results

Using an inverted light microscope, the membrane thickness was measured as 30 um
for CI incorporated composite membrane (Figure 2.7). The membrane cross-section

was observed to be quite homogeneous with the inverted light microscope.

o ; ] J
Figure 2.7 : Composite membrane-support chip assembly cross-section used for
measuring membrane thickness profile. Thickness of the composite

membrane was measured as 30 pm.

The final version of the magnetic membranes fabricated is given in Figure 2.8. In the
beginning, it was intended to fabricate the membranes with diameters of 4, 5,6, and 7
mm. However, membrane diameters were measured as 3.77, 4.55, 5.73, and 6.83 mm
respectively. The reason for this error comes probably from the cutting process of the

plexiglass molds.

Figure 2.8 : Fabricated magnetic membrane chips. From left to right with the
diameters of 3.77, 4.55, 5.73 and 6.83 mm.

Magnetic membranes with four different diameters (3.77, 4.55, 5.73, and 6.83 mm)
were fabricated and deflected with NdFeB magnets (3 and 4 mm diameters and 1.5 and
2 mm height respectively) from different distances. Then, the deflection values were

determined from the images taken by using edge detection in Matlab. The maximum
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deflection was recorded as 597 um from the membrane with 6.83 mm diameter and

the magnet with 4 mm diameter and 2 mm height (Figure 2.9).

magnet

Figure 2.9 : Maximum deflection was measured as 597 pm.

Table 2.1 shows the maximum deflection values measured and estimated by COMSOL
for all membrane and magnet combinations. Also, experiment results for maximum
deflections are illustrated in Figure 2.10. By setting the membrane relative
permeability (i,) as 1.85, COMSOL simulations could estimate the experiment results
for maximum deflection conditions with high performance (R? = 0.9843).

Table 2.1 : Measured and simulated maximum deflection values for all membrane
and magnet combinations, R% =0.9843.

Membrane Magnet Measured max. COMSOL max.
diameter [mm)] diameter [mm)] deflection [pum] deflection [pum]
3.77 3 301 325
3.77 4 293 272
4.55 3 393 401
4.55 4 371 382
5.73 3 511 495
5.73 4 514 507
6.83 3 564 568
6.83 4 597 602

The experiments which were done by changing the distance between the magnet and
the membrane were also simulated by COMSOL Multiphysics with the previously
determined parameters. Measurements and simulation results were compared. Graphs
in Figure 2.11 display experimental data and COMSOL simulation results. It was
found that a fine agreement between COMSOL simulations and measurements was
observed for all membranes. COMSOL simulations could achieve a fine consistency

with R? values of more than 0.95.
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Figure 2.10 : Maximum deflection conditions for all membrane and magnet
combinations.
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Figure 2.11 : Comparison of measured and simulated deflection values. a) 3 mm
magnet - 3.77 mm membrane - R? = 0.9567, b) 4 mm magnet - 3.77

mm membrane - R? = 0.9635, ¢) 3 mm magnet - 4.55 mm membrane -

R% =0.9763, d) 4 mm magnet - 4.55 mm membrane - RZ =0.9590, e)3
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mm membrane - R? = 0.9815, g) 3 mm magnet - 6.83 mm membrane -
R? = 0.9896, h) 4 mm magnet - 6.83 mm membrane - R? = 0.9868.
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2.6 Discussion

In this study, CI-PDMS composite membranes were fabricated, tested, and simulated.
Magnetic membranes having 30 pm thickness and different diameters were achieved
with an easy fabrication process. No agglomeration was observed in the membrane
cross-section. It was shown that the membranes can be deflected with only NdFeB
magnets. The maximum deflection was recorded as 597 pm from the membrane with
6.83 mm diameter and the magnet with 4 mm diameter and 2 mm height. Deflection
experiments were simulated with COMSOL Multiphysics with high consistency (with
R? value exceeding 0.95). A novel estimation technique was successfully applied for
the unknown mechanical and magnetic properties of the membrane which are required

for the simulations.
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3. MAGNETICALLY ACTUATED MICROFLUIDIC CELL SORTER

3.1 Overview

In Chapter 2, it was demonstrated that magnetic membranes can be used as an actuator
in microfluidic applications. In this chapter, the design, mathematical modeling,
fabrication, simulations, and tests of a microfluidic cell sorter which is actuated by

magnetic membranes will be represented.

sample inlet flourescence
detection

buffer inlet I
_ magnetic membranes

|
> outlet 1

— outlet 2

—\‘v‘% outlet 3

s
L~
flow _\\;\\
flow cell
focusing manipulation

Figure 3.1 : Schematic diagram for our proposal magnetically actuated microfluidic
cell sorter device.

The schematic diagram of our proposal device is illustrated in Figure 3.1. Sample
solution and buffer solution are introduced to the chip from sample and buffer inlet
respectively. The sample solution is squeezed by the buffer solution and cells are
aligned in the flow focusing region. Then, cells are detected one by one by a camera
system whether they are emitting fluorescence. According to the detection, the camera
system trigger the magnetic membranes to manipulate the cells. Magnetic membranes,

placed on both sides of the main channel, change the flow pattern in a perpendicular

19



direction to the mainstream by deflecting. Finally, cells flow out to the related outlet.

There are three outlets on our device.

3.2 Materials and Methods

The device consists of three main parts: magnetic membrane, PDMS body, and glass
bottom (Figure 3.2). Magnetic membrane and PDMS body are fabricated separately.
Then, magnetic membrane, PDMS body, and glass bottom are assembled with oxygen

plasma bonding.

PDMS body

magnetic membrane ‘ ) — 1"

|—glass

mold pattern

Figure 3.2 : Schematic diagram for our proposal magnetically actuated microfluidic
cell sorter device.

Since the magnetic membrane fabrication was investigated in Chapter 2.3.1, PDMS

body fabrication and magnetic actuator will be introduced in this chapter.

3.2.1 PDMS body fabrication

PDMS body fabrication starts with mold fabrication. The mold for the body was
fabricated with kapton tape. The tape used for this study has 50 um thickness. The
2D mold pattern was transferred to the tape using an electronic craft cutter (Silhouette
Cameo). The mold pattern is given in Figure 3.3. In the figure, W¢ is main channel
width, Dy, 1s membrane diameter, Wm is width of the channel between main channel
and membranes, Ly, is length of the channel between main channel. The total mold is

slightly smaller than a microscope lame (25 mm x 75 mm). Also, the distance between
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membrane centers is constant, 12 mm, so as that all chip can be actuated with the same

magnetic actuator.

________ /ZV
Wc =

d

Nd\
12 mm

10 mm

20 mm

Figure 3.3 : 2D body mold draft.

To investigate the effects of dimensions four molds in different sizes were prepared.
Table 3.1 gives the sizes of these molds. My, and M, have different Wj;; M, and M3
have different Dy, and Lys; M5, and My have different d and We.

Table 3.1 : Sizes of the molds fabricated. Each mold was fabricated to investigate the
effect of the different parameter.

Mold name d [um] We [um] Dys [mm] Ly [mm)] Wi [mm)]

M; 200 1000 8 2 1.0
M, 200 1000 8 2 0.5
M3 200 1000 6 3 1.0
My 150 750 8 2 0.5

For mold fabrication, first, two layers of kapton tape was applied to one sheet of paper.
Then, the top kapton tape layer was cut by the electronic craft cutter (Figure 3.4a). The
bottom kapton tape layer was used as the bottom of the mold since it can be released
from PDMS easily and the surface of the tape is smooth enough. Finally, the residual

part of the top tape was peeled off (Figure 3.4b and c).

After mold fabrication, a PDMS mixture having 10:1 was prepared and poured over
the mold. The PDMS body was baked for 4 h at 65 °C, then peeled off. Next, inlets,
outlets, and membrane chambers were punched. Finally, magnetic membrane, PDMS

body and a microscope lame were bonded with oxygen plasma treatment (Figure 3.5).
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Figure 3.4 : Mold fabrication for PDMS body. a) Electronic craft cutter, b) peeling
off the residual part with tweezers, c¢) final form of the mold.

Figure 3.5 : Final form of the cell sorter chip

3.2.2 Magnetic actuator fabrication

In this study, the magnetic actuator was used to actuate the magnetic membranes. In
previous chapter, it was demonstrated that magnetic membrane can be actuated by
NdFeB magnets. Since the aim was to control the membranes electrically, magnets

were controlled with inductors.

The magnetic actuator consists of four main parts: NdFeB magnets, inductors, a
spring to hold magnets, and a platform to suspend the spring (Figure 3.6). For easy

fabrication, the spring and the platform were fabricated with 3D printer.

First, two inductors (68.4 mH) were soldered to a board. Then, a rectangular wall

was printed with PLA (poly lactic acid). After that, a spring was printed with TPU
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inductors NdFeB magnets

(a) (b)

Figure 3.6 : Magnetic actuator. a) Real image, b) cross section of CAD image.

(thermoplastic poly urethane). TPU was preferred due to its flexibility. Finally, all

parts were assembled with epoxy by aligning magnets, inductors, and spring.

3.2.3 Experiment setup

In cell sorter experiments, four different microfluidic cell sorter chips which are

fabricated with M, My, M3, and M4 molds were tested by using dyed water as sample

solution, and water as buffer solution. These solutions were pumped to inlets with

syringe pump. At the same time, outlets were pumped with time same flow rate to

make magnetic membranes in flat condition under atmospheric pressure. The deviation

of the dyed water in cell manipulation area and outlets was observed with microscope

by applying anti-phase square waves to inductors.

syringe pump
for outlets

syringe pump
for inlets

Camera

T cell sorter

— monitor

-
‘ --‘[/\;‘Qﬂ
® L - -
e = e .

signal generator

s - o "Tﬁ
z ly ; 3 1 4 - I 3 .

f— —
magnetic actuator

Figure 3.7 : Cell sorter experiment setup.

23



The experiment setup is shown in Figure 3.7. The chip and the actuator were held
two translation stages; therefore, they can be moved laterally and vertically (in x and
z direction). The camera was set to focus on the observation area. The voltage was

applied to magnetic actuator with a signal generator.

Let’s call the chips fabricated with M|, My, M3, and My molds respectively Cy, C,, C3,
and C4. All these chips were tested for different inflow velocity, voltage, pulse width
values. These values are given in Table 3.2. Maximum drift distances and response

times were recorded based on the experiments.

Table 3.2 : Experiment parameters.

Experiment no Inflow velocity [mm/s] Voltage [V] Pulse width [s]

E; 6.4 0-10 0.2
E; 12.8 0-10 0.2
E3 19.2 0-10 0.2
E4 6.4 8 0-05
Es 12.8 8 0-0.5
E¢ 19.2 8 0-0.5
E7 6.4 10 20

For the preparation of the chips before experiments, first, the chips were placed
in a water-filled container and filled with water in the desiccator with a vacuum
pump. After the chips were completely filled with water, they were removed from
the desiccator by keeping them in the water-filled container. Then, the inlet and outlet
pipes were inserted to the chips. Green food dyed water and pure water were used
as sample and buffer solutions respectively. Afterward, the chips were removed from
the water-filled container and attached to the stages so that they were aligned with the
magnets. Then, the camera was settled just above the chips and focused on the cell

manipulation area.

Finally, the z-position of each chip was adjusted so that the maximum drift of the dyed
water was equal to half of the main channel width. For different voltages and pulse

widths, the deviation of dyed water was recorded for post image processing.

3.3 Mathematical Modeling

In this chapter, only the cell manipulation region of the cell sorter will be investigated

since being the critical region in terms of sorting. Figure 3.8 illustrates this region.
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magnetic
membrane

magnetic
membrane

Figure 3.8 : Cell manipulation region of the chip. A particle is drifting to right when
the right membrane is being pulled and the left one is being pushed.
In the figure, the right magnetic membrane is being pulled with Py pressure while the
left one is being pushed. For this case, the pressure of the chamber entrances is defined
as +Py; and —P), for the left and right one respectively. The inflow and outflow velocity
of the main channel is constant, vg. In this condition, a cell enters to the main channel

is drifted to right on the level of horizontal channel.

Now, it is necessary to analyze the flow in the horizontal channel more closely (Figure
3.9). In the figure, W¢ is main channel width, H¢ is channel height, W), is width of the
channel between main channel and membranes, Ly, is length of the channel between
main channel, v, is lateral flow velocity [m/s], and Qy is lateral volumetric flow rate
[m3/s]. Cells are drifted as much as they are exposed to the lateral flow between the

positions 1 and 2.

Let’s start with the lateral volumetric flow rate (Qy) calculation. According to the
Hagen-Poiseuille’s Law (2.1) there is a linear relationship between pressure drop along

the channel Ap [Pa], and the volumetric flow rate,
Ap =Ry Q (3.1

where Ry [Pa.s/ m3], is the hydraulic resistance of the channel. The pressure at the

entrance of the left membrane chamber (Py,) equals Py when the pressure is applied to
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Figure 3.9 : Cell manipulation region, close view.

the membranes first, and it drops to O exponentially in time until the left chamber is
filled fully. For the time constant of the system is 7, the pressure Py, can be written as
in the following equation.

Pu(r) = Pye /" (3.2)

Here, it can be assumed that the pressure on the center of the intersection zone of
horizontal channel and main channel is zero by using the anti-symmetry in the channel.
Therefore, the pressure drop from the center of the main channel to the entrance of the
right chamber is:

Ap=0—(—Py)=Pe /" (3.3)

Now, Ry is required to calculate Q,. By using hydraulic resistance equation for

rectangular channels [46], Ry is defined as in equation (3.4).
12 n Ly

Ry =
Wi H} (1 ~0.63 Vf;—;)

(3.4)

Here, 1 is the liquid viscosity [Pa.s]. The lateral volumetric flow rate is calculated by

using equation (3.1), (3.2), (3.3), and (3.4) as in the following equation:

PoWay H}. <1 ~0.63 5;_;,)

—t/7T
127 L e (3.5)

0:(r) =

For ¢t = 0, the lateral volumetric flow rate Q, is

Po Wiy HZ (1 ~0.63 v@’—;)
12 n Ly
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Let’s continue with 7 calculation. In case of applying pressure to membranes for long
enough time, the membranes are deflected maximum (wg). In this case, the volume of
the lateral flow should be equal to the volume change in the chambers, AVj, (3.7).

. 1 (Du\’
AVM:[_OQx(r) dt:§7r<TM> Wwo (3.7)

Here, the volume change in the chambers is calculated with volume of paraboloid
formula since the surface profile of the membranes will be parabolic [42]. Based on

equation (3.7) and (2.1), the following equation is obtained for 7:

2\11/3
1357 {(;MZZ)} Ly D)3

Sy (3.8)
x0 2/3 H
PP Wy H3 (1—0.63 W—;)

Finally, all the terms required for the drift distance of the cells (Ax) were obtained.
Cells are drifted between the positions 1 and 2. If we define the times at these positions

as t1 and t,, the drift duration At is equal to:

W
At =ty —t] = M1 (3.9)
Vo

where W)y is the vertical distance and vy is the vertical flow velocity of the cells. And,

the drift distance Ax is equal to:

ac= [ u(t)dr (3.10)

n

The flow profile is parabolic along the lateral channel, not uniform; therefore, v, (7)
depends on not only time, but also the position. However, the average lateral flow

velocity can substitute for v,(¢). So, equation (3.10) can be written as following:

1 t 5] —t/T
Ax = Qx_()dt: Q)‘Ldt (3.11)
n HcWy n HcWy
The solution of above equation can be analyzed for two extreme condition according

to the At and 7 values (3.12):

T
007 HQXS)V ., At>T
Ax= 0" (1 —e~d/7) = ¢ 7CTM (3.12)
He Wy Qu0d o
Hc Wy’

27



Since the sorting process takes place throughout drift, the sorting time of a cell equals
to Az. In this system, the aim is to drag the cell as fast as possible to change the cell’s
output. For short Af, width of the horizontal channel can be decreased; however, it
is limited by the production possibilities in the fabrication process. Also, the flow
velocity of the main channel can be increased, and it is easy to set. In other words, for
the short sorting time and high throughput, At is desired to be as little as possible, and
it can be decreased easily by increasing vg. So, the second case of equation (3.12) is

valid.

To summaries, for 100% purity, throughput depends on vy and Wy, (3.13).

V0
throughput = —— 3.13
roughpu Wr (3.13)

Minimum W), is limited by the resolution of fabrication techniques. But, throughput
can increase with higher flow velocity. The drift distance Ax is (for Wy, > H) given
in the following equation by combining equation (3.6), (3.12), and (3.13).

_ RH} Wy PRy H} 1
12nLy vo 121 Ly throughput

(3.14)

For higher Ax, Py can be increased. In case magnet contacts membrane, Fy depends on
the magnetic properties of the magnet and the membrane, and the magnet diameter.
However, the drift distance is not meaningful alone, because for narrower main
channels, smaller drift is required. Therefore, the ratio of drift distance to main channel
width is important here. To measure the sorting performance of the chip, the product
of this ratio and throughput is calculated in equation (3.15).

Ax PyH?
— xthroughput = 07°¢

—_— 3.15
We 121’[LMWC ( )

According to equation (3.15) the sorting performance increases with narrower main
channel, and shorter membrane channel. But, the fabrication is limited by the
electronic craft cutter resolution. Finally, Hc can be increased; however, it is also

required for deeper chips to focus cells in z direction.

In our experiments, the effect of vo, Py, Las, Dy, War, and W were tested.
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3.4 Simulation

In this thesis, COMSOL Multiphysics 5.6a was used as finite element analysis of the
cell sorter chips by utilizing Solid Mechanics, Laminar Flow, and Particle Tracing for
Laminar Flow modules. To simplify the simulations only the cell manipulation region

was simulated. The 3D geometry of the simulated part is shown in Figure 3.10.

Figure 3.10 : COMSOL Multiphysics 3D geometry.

Simulations were run by changing mold geometry, inflow velocity, pressure value, and

pulse width.

3.4.1 Modeling of magnetic membrane

The magnetic membranes were defined as hyperelastic material by utilizing the Solid
Mechanics module. The lame parameter p which is required to define the elasticity of

membranes was set as 1.197 MPa, the same as the previous chapter.

For simplicity of the simulation, magnets were not defined separately. The force caused
by magnets was defined as the boundary load applied to each membrane. Boundary
loads are anti-phase pulses that have a maximum pressure of Py during the pulse width

(Figure 3.11).

Finally, side edges of the membranes were fixed with Fixed Constraints.

3.4.2 Modeling of fluid flow

As the fluid inside the chip, water was selected. Normal inflow and outflow velocities

were set as v for the main channel. Also, the pressure was set to O at the intersection
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Figure 3.11 : Boundary loads for each membrane. Anti-phase pulses are applied to
membranes.

of the main channel and the horizontal channel to ensure the pressure symmetry

horizontally.

Since stream lines change with membrane actuation, a time-dependent study (Study 1)
was computed for only Solid Mechanics and Laminar Flow modules to determine the

streamlines.

3.4.3 Modeling of cells

Cells were defined as particles with Particle Tracing for Fluid Flow module. They were

released from the center of the inlet surface.

To make the cells be transported by the fluid, a drag force was defined on the cells as

the velocity field of the fluid.

Finally, a time-dependent study (Study 2) was computed for only Particle Tracing for
Fluid Flow module to determine the horizontal drift distance (Ax) of the cells. As

velocity field of the fluid flow, results of the first study was used.
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3.5 Results

3.5.1 Mold fabrication review

First of all, the performance of the electronic craft cutter, Silhouette, has been
investigated. 100, 200, 300, 400, 500, and 1000 um wide stripes were drawn, then,
cut with the cutter (Figure 3.12). The cutter was not able to produce the 100 um wide
stripe. According to the measurement of the width of the produced stripes, it has been
inferred that the cutter is able to produce with an error rate lower than 10.0% after 500

pum (Table 3.3).

e

Figure 3.12 : Electronic craft cutter performance review, a) measurement reference
ruler, b) 200 um wide stripe, ¢) 300 um wide stripe, d) 400 um wide
stripe, €) 500 pm wide stripe, f) 1000 um wide stripe.

Table 3.3 : Electronic craft cutter performance review.

Drawn width [pum] Measured width [um] Error rate [%]

200 236 18.0
300 255 15.0
400 348 13.0
500 455 9.0
1000 912 8.8

The mold fabricated are give in Figure 3.13. These molds were used 4 times and there

is a visible damage to the molds. It has been observed that the tapes were lifted in
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some parts, and breaking off some outlet legs of the molds. The chips were fabricated

with damaged molds were not used for experiments.

Figure 3.1 . ell sorter rﬂoldé. After 4 times uses, thefe s visible damage to the
molds.

Additionally, the cell manipulation area and outlets of each mold were examined
closely with a USB microscope (Figure 3.14). It has been observed that the sharp
corners of all molds cannot be cut appropriately enough since the blade of the cutter
has not good ability to turn. Moreover, it has been observed that outlet entrances of all

molds are not sharp enough. Unfortunately, these areas are one of the most important

parts of the molds that determine the chip performance and they should be perfect.

Figure 3.14 : Cell manipulation area and outlet entrances of each mold.
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3.5.2 Theoretical results

The mathematical modeling of the chips has been done in Chapter 3.3. Based on this
model, the effect of the inflow velocity (vg) and pulse width of the applied voltage on
the drift distance (Ax) has been analyzed for each chip (Figure 3.15). In the theoretical
analysis, the maximum pressure (Fy) was settled the same as in the experiments so that

the chips achieve maximum Ax for the minimum vy.

500 500

(a)Ca (b)
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Figure 3.15 : The theoretical examination of the effect of the pulse width, and inflow
velocity on the drift distance for each chip, a) Cq, b) C,, ¢) C3, d) Cs.

Figure 3.15 shows that the maximum drift distance (Ax) saturates after a certain pulse
width. This certain value refers to the drift duration (A¢) for each chip. The C; and C3
chips saturate later since their lateral channel widths are wider than others. So, it takes
more time for cells to pass the cell manipulation area in these chips. Moreover, At
decreases as v increases since the cells pass the cell manipulation area more quickly.

Up to the saturation, Ax increases linearly with the pulse width.

The graphs in Figure 3.15 additionally show that saturated Ax values are inversely

proportional to vy because At decreases.
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Finally, it can be inferred that chips have wider W), reach the saturation later.

3.5.3 Simulation results

The COMSOL Multiphysics simulation of the chips has been defined in Chapter
3.4. After the studies were computed, Particle Trajectories results were analyzed to

calculate the maximum drift distances (Figure 3.16).

Particle trajectories
a)

250
mm,
10
¥

200

b) Particle trajectories

Figure 3.16 : a) 2D and b) 3D view of the Particle Trajectories results.

Based on the simulation model, the effect of the inflow velocity (vo) and pulse width
of the applied voltage on the drift distance (Ax) has been analyzed for each chip
(Figure 3.17). In the model, the maximum pressure (F) was settled the same as in

the experiments so that the chips achieve maximum Ax for the minimum vy.
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COMSOL simulation results have the same trends with the theoretical results.
However, there is a small difference between them. COMSOL results reach saturation
smoothly while the theoretical ones reach sharply. In the mathematical model, it has
been assumed that the cell are exposed to the lateral flow only throughout the lateral
channel and the lateral flow velocity is constant throughout the lateral channel. The
difference comes from this assumption. On the other hand, the lateral flow becomes

wider there in reality. Consequently, there is no sharp At value for saturation.
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Figure 3.17 : The COMSOL Multiphysics examination of the effect of the pulse
width, and inflow velocity on the drift distance for each chip, a) C, b)
C2,0) C3,d) Cy.

3.5.4 Experiment results

Experiments were video-recorded and then the maximum drift distances were
determined by applying color filter with ImageJ (Figure 3.18). The images captured
from the video records have 640x480 pixels resolution. 1 pixel refers to 7.69 um

resolution.

Maximum drift distance (Ax) graphs of C;, Cp, C3, and Cy4 chips for inflow velocity
values of vg = 6.4, 12.8, and 19.2 mm/s, and voltages from 0 to 10 V are given in

Figure 3.19.
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Figure 3.18 : Determination of the experiment results from video captures with
Imagel.
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Figure 3.19 : The experimental examination of the effect of the voltage value, and
inflow velocity on the drift distance for each chip, a) Cy, b) Cy, ¢) Cs,
d) Cs.

As expected, increased drift distance has been observed for increasing voltage values

and decreasing inflow velocity at each chip. The voltage required to direct the cell
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flow from the middle output to the side output for the lowest inflow velocity was
determined as 4, 6, 8, and 6 V for the C;, C,, C3, and C4 chips, respectively. That
means, wider membrane actuators, and wider cell manipulation areas ease the cell

deflection. This result is also consistent with theoretical calculations and COMSOL

Multiphysics results.
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Figure 3.20 : The experimental examination of the effect of the pulse width, and
inflow velocity on the drift distance for each chip, a) Cy, b) C,, ¢) Cg3,
d) C4.
Maximum drift distance (Ax) graphs of C;, Cp, C3, and Cy4 chips for inflow velocity
values of vo = 6.4, 12.8, and 19.2 mm/s, and pulse widths from 0 to 500 ms are given in
Figure 3.20. According to theoretical calculations and COMSOL Multiphysics results,
it was expected that the Ax would not increase after a certain pulse width (Az). This
pulse width is roughly equal to the time the cells are exposed to horizontal flow,
and should increase as the width of the side channel (W) increases and the inflow
velocity (vo) decreases. The experimental results generally agree with this conclusion.
However, as the pulse width increased, it was observed that the maximum deviation

distance increased continuously, even if slightly.

Maximum drift distance (Ax) graphs of C;, C;, C3, and C4 chips for inflow velocity
values of vp = 6.4 mm/s, and pulse widths from 0 to 200 s are given in Figure 3.18.

The dots in the figure refer to the experimental measurements, and lines refer to the
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exponentially fitted lines to these measurements. Response times of chips have been
determined as 46.73, 9.10, 6.89, and 28.63 s in order. Response times are at the level
of seconds which is extremely longer than Af values.

300 T T T T T T P
—=— C1-46.73 s

|—=— C2-9.10s ||
200 |-+ C3-689s ||
| Ci-28.83s

0 20 40 60 80 100 120 140 160 180 200
time [s]

Figure 3.21 : Response time for each chip.

In addition, it has been observed that the results of experiments performed under the
same conditions for the same chip are not consistent. It has been thought that this
stems from the fact that the membranes were not completely flat in the initial state.
Finally, the deviation of the flow from the middle outlet to the side outlet has not been

observed as expected at any of the chips due to fabrication errors.

3.5.5 Design parameters examination

Finally, the chips have been compared to find the best chip design parameters.
For comparison, theoretical results, simulation results, and experimental results of

Experiment 4 (vo = 6.4 mm/s, pulse width = 0 - 500 ms) results have been analyzed.

To observe the effect of the lateral channel width (Wy,) on the chip performance, C;
and C; chips have been compared (Figure 3.22). C; has a wider main channel than
C,. Both theoretical, simulation, and experimental results shows that C;, has a better

performance. C; has a lower saturation time.

To observe the effect of the lateral channel length (L)), and membrane radius (Ryy)
on the chip performance, C; and Cs chips have been compared (Figure 3.23). C;
has a wider membrane than Cs, and C3 has a longer channel than C;. Both theoretical,

simulation, and experimental results shows that chips have almost similar performance.
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Figure 3.22 : Comparison of C; and C,. a) Theoretical result, b) simulation result, c)
experimental result. The effect of W), has been analyzed.
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Figure 3.23 : Comparison of C; and C3. a) Theoretical result, b) simulation result, c)
experimental result. The effect of Ly, and Ry, has been analyzed.

To observe the effect of the main channel width (W¢) on the chip performance, C, and

C4 chips have been compared (Figure 3.24). C, has a wider main channel than Cjy.

Both theoretical, simulation, and experimental results shows that C, has a greater drift

distance (Ax). However, it is not an important parameter because C4 already requires a

narrower Ax. On the other hand, C4 has a lower saturation time based on the theoretical

analysis, simulations, and experiments.
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Figure 3.24 : Comparison of C, and C4. a) Theoretical result, b) simulation result, c)
experimental result. The effect of W has been analyzed.
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Overall, both theoretical analysis, COMSOL Multiphysics results, and experiments
shows that the best chip design should have a narrower W), and W¢. Additionally,

bigger membranes requires lower pulse amplitude (Fp) for actuation.

3.5.6 Chip outlets

The outlet entrances of each chip is shown in Figure 3.25. All of them have fabrication

error. Because of these fabrication errors, any experiment can not be managed at the

outlets.

Figure 3.25 : The outlet entrances of each chip, a) Cy, b) C;, ¢) Cz, d) C4.

In the chips C; and C,, the dyed water flows to bottom outlet although the flow was
not manipulated in the main channel.In the chip Cs, the dyed water flows out to middle
outlet although the flow was manipulated in the main channel. In the chip C4, the dyed

water flows to all outlets in all cases.

3.6 Discussion

In this study, a magnetically actuated cell sorter and its magnetic actuator were

designed, fabricated, mathematically modeled, simulated, and tested.
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The mold fabrication was done with electronic craft cutter which is a novel and
practical technique. The electronic craft cutter was able to cut kapton tape with an
error of less than 10% for sizes 500 wm and above. However, it was not successful
enough in cutting sharp corners. In addition, the molds need to be renewed as they

deform after a few uses.

The cell sorter chips with dimensions of 75 mm x 25 mm x 5 mm could be fabricated

with a 5-6 hour process.

An electrically controllable magnetic actuator containing permanent magnets was
fabricated with 3D printer to actuate the magnetic membranes. The magnetic actuators

could operate the cell sorter with a voltage of 10 V and below.

The mathematically modeled of the cell sorter chip was done based on fundamental
fluid mechanics. With this model, it was concluded that the chip size should be as
small as possible and the liquid flow rate should be high in order to improve the chip

performance.

The chips were simulated with the COMSOL Multiphysics 5.6a. Membranes,
bio-fluid, and the cells were modeled with the Solid Mechanics, Laminar Flow, and
Particle Tracing for Fluid Flow modules respectively. The simulation results were

compatible with the mathematical model and experiments.

Finally, the chips were tested. Experiments were carried out by varying the amplitude
of the applied voltage, pulse width and inflow velocity for the chips with different
channel sizes. Experimental results were compatible with theoretical calculations and
simulation results. However, when the experiments were repeated under the same
conditions, the exact same results could not be obtained. This is thought to be due to
the large size of the channels and the difficulty of setting the membranes completely
flat in their initial state. Also, outlets of the chips could not be observed because of

fabrication errors.

As a result, in this study, it has been achieved to produce a microfluidic cell sorter
that can operate with 8 V voltage, have a throughput of 10 cells/s. The outputs of the
chips could not be observed, as the outputs could not be cut properly enough with the
electronic craft cutter. Only the deviation of the dyed water in the cell manipulation

area could be observed.
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4. CONCLUSION

In this thesis, a magnetically actuated cell sorter has been presented. The design,
fabrication, simulation, mathematical modeling, and testing of the cell sorter have
been thoroughly discussed. In addition, the design, fabrication, and simulation
of the magnetic membranes and magnetic actuator which have been used as the
actuation mechanism of the cell sorter have also been discussed. Novel and practical
techniques for cell sorter mold fabrication, actuation mechanism of the cell sorter,
magnetic membrane simulation, and electrically controllable magnetic actuator have

been proposed and implemented successfully.

As aresult, in this study, it has been achieved to produce a microfluidic cell sorter that
can operate with 8 V voltage, have a throughput of 10 cells/s. It has been shown that
it is possible to operate microfluidic cell sorters with magnetic membrane actuators.
Unfortunately, a very low throughput has been achieved compared to other cell sorters
in the literature. On the other hand, it has been proved with the theoretical calculations
and simulation results that this cell sorter structure could rival those in the literature by

fabricating in smaller sizes with advanced techniques.

As future works, it has been planning to manufacture the cell sorter in smaller sizes
using more advanced techniques such as CNC machine, and test it with fluorescent

activated beads.
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